Cpt2NbCl2 (Cpt = $-C~Med3t) (lb) was synthesized from NbCb and a slight exceaa of CptLi and NaJ3H4. Ita electrochemical (2 e-, Elp = -1.6 V) and chemical reduction (2 equiv of Na/Hg) was studied showing that peralkylation of the Cp ligand facilitates two-electron reduction compared to less substituted CpzNbHal2 derivatives. The reduced solutions of Cp*2NbC12 (Cp* = C6Me6) (la) and of lb were shown by means of EPR spectroscopy to contain two new paramagnetic species 1A,B for which bent niobocene (Am = 100 G) and fulvene-like structures (ANb = 55 G) are proposed. The high reduction potential of these species led in their reaction with HPF6 to the first stable difluoroniobocene derivative, [CptzNbF23PF~ (21, in good yield.
Introduction
Niobocene dihalides CpzNbHalz represent a class of widely investigated organometallic compounds exhibiting interesting electronic and structural properties.lP2 Their potential in synthesis is based on the ability to undergo metathetical reactions and to form lower Nb oxidation states by chemical3 or electrochemical r e d~c t i o n .~ Such compounds are of actual interest because of their application in catalysis1*6 and the activation of smallmolecules.6 
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The stability of the paramagnetic and coordinatively unsaturated CpzNbHalz compounds was ascribed to a balance between electronic (general preference for higher Nb oxidation states) and steric factors (three ligands in addition to both Cp's would result in a crowded coordination sphere).' Therefore, it is rather surprising that only little is known on more substituted Cp derivatives although the influence of e.g. multiple alkylation has been investigated in many other organometallic compounds. One reason may be the lack of a convenient synthesis for peralkylated niobocene halides. The method developed for Cp*zNbClz (la) by Bercaw et al.' has to pass through Cp*2NbBH4, a compound known for a laborious preparation. 8 We now wish to report on a rational synthesis of CptzNbCl2 (lb) as well as the evaluation of its reduction chemistry in comparison to lower substituted niobocene derivatives. The nature of the generated Nb(1I) species will be discussed, including an example for application in the synthesis of new niobocene fluoride derivatives.
Experimental Section
Syntheaee. All procedures were carried out under argon (as far as handling of NbCla was concerned) or nitrogen with Nz- Nb  c11  c12   c1   c 2  c 3  c 4  c 5  C6  c 7  C8  c 9  c10  c11  c21  c22  C23  C24  C25  C26  C27  C28  C29  C30  C31 2374 (1) 1243 ( a Tacussel UAP4 unit. The reference electrode was a saturated calomel electrode separated from the solution by a sintered g b disk. The auxiliary electrode was a Pt wire. For all voltammetric measurements the working electrode was a Pt disk electrode (surface area: 3.1 "2) which was initially poliehedwithalumina of decreasing particle size (down to 0.06 mm). For the polarograms, a three-electrode Tacussel Tipol polarograph was ueed. The dropping Hg electrode characteristics were m = 3 mps-1 and 'Equivalent isotropic U defined as one-third of the trace of the orthogonalized Ui, tensor. E = 0.5 s. For controlled-potential electrolysis, a mercury pool was used as cathode and a Pt plate as anode, the latter being separated from the solution by a sintered glass disk. High-scale electrolyses were carried out in a cell with three compartments being separated with fritted glasses of medium porosity. In all cases, the electrolyte was a 0.2 M solution of n-BhNPF6 in THF or CH2C12. The electrolyses were performed with an Amel 552 potentiostat coupled to an Amel 721 electronic integrator.
Preparation of CptrNbCl, (lb). A suspension of 2.32 g (14.83 mmol) of LiCpt and 0.35 g (9.27 mmol) of NaBHd in 80 mL of dimethoxyethane was cooled to-78 "C. Under argon 1.67 g (6.18 mmol) of NbCls was added with efficient stirring. The resulting light-brown mixture was allowed to warm to 25 O C and then refluxed for 15 h. The following workup was carried out under nitrogen. After evaporation of the solvent the resulting green oil was washed with pentane to remove the oily components and blue Cpt2Nb2(p-BzH6)Cl2B and then dried. The green solid was sublimed at 200 "C (0.1 Pa, 50% yield). Additional l b (10% yield) was obtained by chromatographic workup (SiOz, column 20 X 3 cm; 1O:l toluene/ether as eluent) of the pentane extracts. Analytically pure samples were obtained by recrystallization from CHzClzas green needles. Anal. Calcd for CzzH~C12Nb: C, 57.16; H, 7.41; mol wt, 462.3. Found C, 57.20; H, 7.18; mol wt, 461.5 (FD-MS from CH2C12).
Preparation of [CptzNbFtlPFe (2). A 300-mg amount (0.65 mmol) of l b was dissolved in 50 mL of THF and stirred over Na/Hg containing 2.60 mmol of Na in 10 mL of Hg for 1 h. After separation of the orange-brown solution from the amalgam, 1 mL of HPFe (75% in H20, 15-fold excess) was added. Spontaneous evolution of Hzand a significant color change from orangebrown to red-brown was observed. After stirring of the mixture for 1 h, the solvent was removed under vacuum to give a dark oil. Washing with ether gave an orange-yellow solid, which was dissolved in CH2Cl2. After filtration and evaporation of the solvent 2 was obtained in 62% yield. Recrystallization from 5:l CHzCldtoluene at -25'C gave orange crystals. Anal. Calcd for Cp$NbC12 (lb). A green prism of the dimensions 0.1 X 0.1 x 0.4 mm3 was obtained from CH2Clz. The unit cell was determined and refined from 27 reflections (4.5 < 28 C 26O) to be monoclinic. Cell reduction alternatively gave an orthorhombic C cell, but from intensity measurements (two pairs of equal intensities instead of four equal intensities for symmetry-related reflections) a monoclinic cell followed unequivocally. The solution of the structure required the assumption of a mirror plane with a statistical distribution of the ring carbons (56:44 %). For this reason only Nb and C1 atom were refined anisotropically; the hydrogen atoms have not been calculated.
[Cpt~NbF~]PF~ (2). A yellow needle of the approximate dimensions 0.06 X 0.08 X 0.95 mm3 was obtained from 1 0 1 CHnCldtoluene. The unit cell was determined and refiied from 24 reflections (8 C 28 C 22"). Because of the limited number of reflections, only the Nb, F, and P atoms were refiied anisotropically. The PF6 anion was slightly disordered. The hydrogen atoms were included riding on calculated positions (HFIX option of SHELXTL'O). Figure 1. Structure of 1 (ORTEP plot). The thermal ellipsoids are drawn at a 50% probability level.
[cpt~NbcI(Cl,F) JPFs (4). A dark red irregular crystal of the dimensions 0.4 X 0.5 X 0.6 mms was obtained from 1:l CHZC12I toluene. The unit cell was determined and refined from 23 reflections (4 < 20 < 38.3O). All non-hydrogen atoms were included riding on calculated positions (HFIX option of SHELXTLlO). The occupancy factor of C12 is 0.85; this means about z/s of the site are occupied by C1 and 1/3 by F atoms.
Results and Discussion
CptaNbClz (lb) was synthesized from NbC16 and 2.4 equiv of CptLi in boiling dimethoxyethane. As reducing agent 1.5 equiv of NaBH4 was employed, which gave also rise to the formation of a dinuclear complex comprising the B2Hs" unit as bridging ligand.8 Cp*zNbCln (la) was obtained by the same procedure in about 50% yield.8 The green complexes la,b exhibit ten-line (93Nb, I = 9/2) EPR spectra ( Table V) with g values and coupling constants typical of CpzNbClz derivatives-2 These parameters are not significantly influenced by the nature of the Cp ligand. The same observation is valid for the solid-state structure of 1 b when compared to that of (CsHdzNbCl2.11 An X-ray diffraction analysis of lb (Figure 1 ; Tables I1 and VI) reveals the same pseudotetrahedral geometry and an angle C11-Nb-Cl2 (85.2(1)') very close to that in the unsubstituted complex (85.6O). The Cp rings are disordered in a way that they give rise to a statistic distribution of 56 and 44 5% , respectively. As a consequence larger standard deviations for the ring carbon parameters are noted. Electrochemical studies of la,b showed that an exhaustive electrolysis at the potential of the reduction wave (-1.6 V for both complexes) consumed 2 equiv of electrons.
This means a significant difference compared to the other CpzNbClz derivatives investigated thus far: which generally do not consume more than 1 e-. The influence of the peralkylated Cp ligands is also expressed by a drastic shift to more negative reduction potentials when compared to the lower substituted compounds ( Table V) . From several experiments solutions were obtained whose EPR spectra exhibit multiline spectra of two new paramagnetic species which are similar to those obtained by 2 e-chemical reduction of la,b.
The reduction of la,b with 2 equiv of Na/Hg was monitored by EPR spectroscopy. In dimethoxyethane, toluene, and THF a simple ten-line spectrum (ANb = 55 G) was obtained for sublimed starting material ( Figure   2a ). Additional, but not well-resolved, satellites for the inner signals may be interpreted as Nb-H couplings of the order of 11 G. All reduced solutions are very sensitive to air and moisture rendering the investigations very difficult. The EPR spectra of recrystallized samples are more complex, for they contain three paramagnetic Nb species (Figure 2b ). Spectrum analysis shows the presence of la (or lb), traces of the spectrum type shown in Figure   2a , and a third species of coupling constant A N b = 100 G.
The value of this coupling is close to that observed for *(C5H6)2Nbn so that a bent 15 e-niobocene structure 1A may be assumed by analogy. Unsubstituted niobocene 
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1A 1B
a-alkyl hydride to the metal, which would increase the electron configuration around Nb from 15 to 17, but further studies will be required to confirm this assumption. Nevertheless, the peralkylated niobocenes resemble more (CsMe&Ti,14 for which a bent metallocene structure has been established in an equilibrium with a fulvene-like structure, than the classical sandwich type structure reported for (C~Me6)zV.l~ This interpretation is supported by the observation that products arising from attack at ring alkyls may be quenched in the reaction of reduced la,b with sulfur.16 In this regard it will be of interest to investigate how the nature of the reduced solution does affect the chemical results. The thermal ellipsoids are drawn at a 50% probability level. solution of la,b readily react with HPF6 under spontaneous evolution of Hz. The product obtained is dependent on the stoichiometry. When a 15-fold excess of acid is employed, a yellow salt is isolated in good yield which analyses as CCpt2NbFzlPFs (2). In the case of la yellow oils were obtained which did not crystallize. The IR spectrum of 2 consists of each of two strong absorptions for the PFe-and the NbF2 moieties. The presence of two chemically very different fluoro ligands is proven by the l9F NMR spectrum: A well-resolved doublet (JP-F = 712 Hz) attributed to the hexafluorophosphate anion appears at -73 ppm, whereas a broad resonance at +BO ppm is in agreement with Nb-coordinated fluoro ligands. An X-ray diffraction analysis confirms the pseudotetrahedral environment of the Nb center (Figure 3 ; Tables I11 and VII) The negative oxidation potential (Elp = -0.38 V) of CptzNbFz may explain the relatively easy formation of the Nb(V) compound 2 in the presence of HPF6. We have verified that the addition of HPFs on electrogenerated CptzNbFZ yields complex 2. The fate of the PF6-anion during oxidation of the Nb(I1) species has not been followed, but it may be supposed as in previous workz0 that PF5 has been formed after F-transfer to the complex giving rise to a polymerization of THF. In this regard it is important to note that "CptzNb" containing solutions with HC1 form CptzNbClz in good yield. No hint for any Nb(V) compound was obtained because of the positive oxidation potential of l b (Table VI. The interaction of "CptzNb" with smaller amounts of HPF6 (e.g. 1.5 equiv) gave complex 2 and two byproducts, which were identified as [CptzNbClzlPF6 (3) and [Cpt2-NbCl(Cl,F)IPF6 (4). The latter complex, which apparently is the result of a cocrystallization of 2 and 3, was only detected by an X-ray diffraction analysis ( Figure 5 ; Tables IV and VIII): The structure solution required the occupation of one chloro site by l/3 of a fluoride. Another hint for the presence of a fluoro ligand in the crystal is the unusual difference of 0.083 A between both Nb-C1 distances. The overall geometry of 4 is the same as in l b and 2, but the angle Cll-Nb-C12 (96.8(1)') is much closer to the value observed in 2 than in l b and is thus indicative for a Nb(V) compound.
Complex 3 has been characterized by comparison with independently synthesized samples (see below). The degree of cocrystallization between 2 and 3 obviously depends on crystallization conditions. It is responsible for color variations of the products from yellow to deep red, and it can roughly be examined in the IR spectra by the intensity ratio of the UNLF and the UP-F absorptions.
As the slightly positive oxidation potential of l b (Table  V) does not allow its oxidation by H+, the formation of 3 Organometallics, Vol. 13, No. 1, 1994 139 Figure 5 . Structure of the cation of 4 (ORTEP plot), with C12 is replaced by 1/3 F. The thermal ellipsoids are drawn at a 50% probability level. (and 4) must be interpreted as a substitution of fluoride in preformed 2 by chloride, which is present from the reduction process. In a control experiment 2 was reacted with an excess of HC1 giving pure 3 in good yields. More convenient for the preparation of 3 is the oxidation of Cpt2NbClz by means of (C5H&FePF6.21 Both methods produced compounds slightly contaminated by traces of the starting material, which gave rise to broadened 'H NMR signals.
The difference in the potentials (m1/2(oX) = 0.45 V, Table V ) of 2 and 3 is also expressed in their reactivity toward LizS2: Whereas 3 is reduced to give l b in 45% yield, 2 forms the neutral Nb(V) compound 5, in which one fluoro ligand is replaced by a $-SZ ligand. From spectroscopic data one may deduce a similar structure as in related diamagnetic group V metallocene disulfides.22 This means that a symmetry plane divides the molecule into two equivalent halves. Therefore, the duplication of two of the ring methyl resonances in the 'H NMR spectrum is attributed to a weak 19F-'H coupling in the range between 0.8 and 1.1 Hz. Such a coupling is not present in 2.
Conclusions
The electron-donating effect of the ring alkyl groups exerts a considerable influence on the electrochemical and chemical reduction of the peralkylated CpzNb dihalides. The resulting low-valent niobocene species exist in two forms as has been established by EPR studies. Further proofs will be needed however to establish the proposed hydride transfer from a ring alkyl group to the Nb center of the completely reduced niobocenes "Cp*aNb" and ''Cpt2-Nb". The reduced species exhibit a pronounced reduction potential which permits the synthesis of novel fluoroniobocene derivatives. An extension of this behavior to other inorganic redox systems seems to be promising, and we are going to investigate the nucleophilic fragmentation of sulfur and the activation of C02 in our laboratories. The carbenoid character of electron-rich niobocenes with respect to unsaturated organic compounds1~5*23 and a comparison to "reactive" titanocene may also be worthy of further in~estigations.2~
